Wall turbulence is a ubiquitous phenomenon in nature and engineering application, yet predicting such turbulence is difficult due to its complexity. High-Reynolds-number turbulence, which includes most practical flows, is particularly complicated because of its wide range of scales. Although the attached-eddy hypothesis postulated by Townsend can be used to predict turbulence intensities and serves as a unified theory for the asymptotic behaviors of turbulence, the presence of attached structures has not been confirmed. Here, we demonstrate the logarithmic region of turbulence intensity by identifying wall-attached 
Introduction
Understanding wall-bounded turbulent flows is a long-standing challenge because of their complex and chaotic nature. The presence of a wall not only induces the formation of a thin shear layer close to the wall known as the turbulent boundary layer (TBL), where most of the energy consumption occurs in modern vehicles and pipelines but also separates the TBL into different layers composed of multiscale fluid motions. These multiscale phenomena can be characterized in terms of the friction Reynolds number (Reτ = δuτ/ν), which is the ratio of the viscous length scale ν/uτ (ν is the kinematic viscosity, and uτ is the friction velocity) and the flow thickness δ. Although much progress has been achieved in characterizing the onset of turbulence (Hof et al. 2004 ; Avila et al. 2011 ) and fully turbulent flows at low Reτ (Kawahara et al. 2012) , little progress has been made in the case of high Reτ turbulence (Smits et al. 2011; Jiménez 2012 ; Barkley et al. 2015) , which arises in engineering devices and atmospheric winds (Reτ = O(10 4-6 )), due to the wide range of scales that govern the transport of mass, momentum and heat.
To elucidate these multiscale phenomena, one approach is to examine the organized motions that retain their spatial coherence for relatively long periods, known as eddies or coherent structures, because these structures are responsible for the dynamical mechanisms and turbulence statistics (Robinson 1991; Adrian 2007 ). The dominant coherent structures in the buffer layer are low-speed streaks and quasi-streamwise vortices (Kline et al. 1967) that are generated via a self-sustaining cycle (Hamilton et al. 1995) . Above the buffer layer, the coherent structures are larger and more complex due to the presence of various scales.
In this region, the mean streamwise velocity (U ) follows a logarithmic profile along the wall-normal distance y (Millikan 1938 where u (= u1), v (= u2) and w (= u3) indicate the streamwise, spanwise, and wall-normal velocity fluctuations, respectively, and Aj ( j = 1, 2) and Bi are constant; Aj referred to as Townsend-Perry constant that is expected to be universal (Marusic et al. 2013) . Here, the wall-parallel components follow the logarithmic variation, while the wall-normal component is constant. The inviscid assumption for self-similar eddies leads to the logarithmic behavior in (1.2a,b) and the impermeable condition for the wall-normal component gives rise to (1.2c). Perry & Chong (1982) extended this hypothesis by introducing hierarchies of geometrically similar eddies with the probability distribution function (PDF) that is inversely proportional to their height. Based on this approach, they derived the logarithmic variation of U (1.1) and 2 i u (1.2a,b) simultaneously in a sense of the attached-eddy hypothesis. Additionally, they predicted the emergence of a kx -1 (kx is the streamwise wavenumber) region in the spectrum that is the spectral signature of the attached eddies. In this regard, the attached-eddy hypothesis is a unified theory that links the asymptotic behaviors of the turbulence statistics of high-Reynolds-number flows. Nevertheless, the central question that has not been resolved is as follow: what is the actual structure in the fully turbulent flow that accords with an attached eddy and forms the logarithmic region? Although Townsend (1976) and Perry & Chong (1982) proposed a particular shape of eddies based on the flow visualization, these structures are modeled to formulate the inverse-power-law PDF and the constant shear stress. Additionally, the presence of the kx −1 region does not necessarily indicate the attached structure, because one coherent motion can carry the energy with a broad range of wavenumbers (Nickels & Marusic 2001) and the wavenumber at a given y does not reflect whether that motion is attached to the wall or is part of a detached one (Jiménez 2013 wall-attached or wall-detached based on the minimum distance from the wall. The former are self-similar and statistically dominant structures in the logarithmic layer. Hwang (2015) showed the self-similar statistical motions with respect to y in a large-eddy simulation, which restricts the spanwise length scale of motions. Using a proper orthogonal decomposition, Hellström et al. (2016) found that the azimuthal length scales of the energetic modes are proportional to the distance from the wall. In addition, Baars et al.
(2017) reported the self-similar region in the linear coherence spectrum where the coherence magnitude is quantified in a single streamwise/wall-normal aspect ratio.
Although these identified coherent motions are reminiscent of Townsend's attached eddy in a sense of self-similarity, it has not been shown how they contribute to the formation of the logarithmic behaivor in The objective of the present study is to identify the self-similar coherent structures satisfying the attached-eddy hypothesis from DNS data of zero-pressure-gradient TBL at Reτ ≈ 1000. To do so, we extract the clusters of the velocity fluctuations (ui). We find that a group of ui clusters over a wide range of scales is attached to the wall and self-similar. In particular, the population density of the attached u clusters is inversely proportional to their height. With these attached clusters, we can reconstruct the turbulent intensities from the superposition of the identified structures. The logarithmic behaviors of the wall-parallel components are verified using the indicator function, which has not been shown in the experiments. We further focus on the u clusters in order to explore the hierarchical nature of the structures. The wall-normal distribution of the instantaneous streamwise velocity contained within the objects shows step-like jumps, representing zones of roughly constant uniform momentum. In addition, it is shown that the magnitude of the near-wall peak of the The brightness of the color indicates the wall distance. Here, the clusters, which cross the edges of the streamwise and spanwise domains, are excluded to represent the size of each cluster completely.
Computational details
DNS data of the TBL (Hwang & Sung 2017a ) are used in the present study. The DNS was performed using the fractional step method of Kim et al. (2002) to solve the Navier-Stokes equations for incompressible flow. The computational domain is 2,300δ0 × 100δ0 × 100δ0, where δ0 is the inlet boundary layer thickness, in the streamwise (x), wall-normal (y) and spanwise (z) directions, respectively, and the associated components of velocity fluctuations are u, v and w; details of the DNS and the validation are provided in Hwang & Sung (2017a) . We used a total of 2430 instantaneous flow fields at Reτ = 980
with the streamwise length (Lx) of 11.7δ; the spanwise length (Lz) is 3.2δ and δ is the 99% boundary layer thickness. Across the domain, the Reynolds-number effect is negligible because Reτ ranges from 913 to 1039.
In the present study, the fluctuating velocity components are defined by considering the height of the turbulent/non-turbulent interface (TNTI) (Kwon et al. 2016 ). The wall-normal distance of the instantaneous TNTI (δt) is defined using the kinetic energy criteria proposed by Chauhan et al. (2014) . Here, we used all the velocity components to obtain the local turbulent kinetic energy ( k  ) in the frame of reference moving with U∞ 
where urms,i is the root mean square of the corresponding ui and α is the threshold. Figure 1 shows the isosurfaces of u, w and v in the instantaneous flow field. As seen, the shapes of the structures are complex and some of them are attached to the wall whereas others are distributed far above the wall with a small volume. In particular, the structures of the cross-stream components are pronounced in the edge of the boundary layer; the lighter color denotes the structures whose wall-normal distance is close to δt. In addition, we can observe the long meandering structures of u (darker red or blue isosurfaces in figure 1a) In order to identify the wall-attached structures, the minimum and maximum y (ymin and ymax) of each cluster are measured from the wall. Although the wall-normal velocity is affected by the impermeable condition, which leads to an absence of the logarithmic variation of its intensity profile in a sense of the attached-eddy hypothesis, we can observe the attached structures of v in figure 2(b).
However, this is not so surprising, given the identification criteria of the present approach (2.1). We used the root mean square of the velocity fluctuations (urms,i), which varies with y.
Hence, urms,i reaches zero at the wall, and in particular the value of the wall-normal component is much less than that of the wall-parallel components in the near-wall region. In contrast to the cross-stream component, there is a weak peak at ymin + ≈ 7 and ymax + ≈ 50 for the u clusters in figure 2(b). These structures can be the fragments of the large attached structures or an object that is developing into the larger one; their number of occurrence is less than 0.011 per unit wall-parallel area. In the present work, we focus on the attached structures whose heights vary from the near-wall region to δ. The number and volume fractions of the identified clusters are summarized in Table 1 . Here, we only measure the ui clusters whose volume is larger than 30 . Note that more than 90% of the discarded clusters is the detached structure and the rest is the attached one. Although the number fractions are about 20% for the attached objects, they contribute more than half of the total volume of all the clusters. In particular, the attached u structures account for 67% of the volume, representing that these structures tend to exist in large attached clusters compared to the others. Figure 3 illustrates the wall-attached structures of ui extracted from figure 1. As seen, there are small attached objects close to the wall and very large objects that extend to the edge of the boundary layer with the streamwise elongation. 
Self-similarity of the attached structures
This section explores the self-similarity of the attached structures with respect to the distance from the wall. The self-similar nature of attached eddies is one of the assumptions of the attached-eddy hypothesis (Townsend 1976 ). In particular, this assumption leads to the inverse-power-law PDF of hierarchical distribution in Perry & Chong (1982) . Hence, the sizes of the identified attached structures and their population density are elucidated to provide evidence for the presence of these structures in the instantaneous flow fields. (2012). Note that we discarded the structures which cross the streamwise domain (Lx = 11.7δ), whereas the objects that cut through the spanwise domain (Lx = 3.2δ) were included. The attached structures of u within the protrusions exhibit lx = 7-11δ and lz = 1.5-2δ and those of the cross-stream components are lx = 4-6δ and lz = 2-3δ that are shorter but wider than the former. These features are consistent with the bimodal behavior of the energy-containing motions at the largest spanwise length scale (Hwang 2015 ).
Scaling of the attached structures
However, it should be stressed that the largest structures in figures 4 and 5 are not aligned along the orange line (i.e. the scaling failure with respect to ly), although Hwang (2015) described that these motions are self-similar based on their spanwise length scale.
Interestingly, Perry et al. (1986) conjectured the presence of such large-scale eddies whose heights are an order of δ and also noted that these eddies need not be self-similar to the smaller-scale eddies. In this respect, the tallest structures (ly ≈ δ) within the scaling failure region are the large-scale eddies, which are not geometrically self-similar with ly.
Here, Perry et al. 
Population density of the attached structures
The population density of the attached structures (ns) versus ly is examined to determine whether the attached structures are associated the hierarchy length scales ( 
where Ni(ly) is the number of the attached structure at a given ly, m is the number of instantaneous flow fields. Note that ns can be obtained by integrating the joint PDFs in figure 4 or 5 along the abscissa. Hence, ns is an equivalent measure of the PDF of the hierarchy scales (Perry & Chong 1982 ). In figure 6 , the distributions decay with ly beyond the buffer layer. In particular, the distribution of the attached u structure (blue) is inversely proportional to ly while that of the cross-stream components follows proposed to enable the more accurate prediction of the mean velocity defect and the low-wavenumber peak in energy spectra.
Turbulence intensities
The attached structures of ui identified in the present study show that the self-similar w increase with increasing ly along y and that there is the near-wall peak (see further discussion in §5.2). As seen in figure 7(a,b) , the profiles of To further examine the logarithmic behavior in figure 7 , we reconstruct the turbulent intensity through the superposition of over 290 < ly + < 550 where the population density (ns) scales with ly in figure 6 . Especially, ns of the attached u is inversely proportional to ly. Here, the wall-normal profile of the reconstructed turbulent intensity ( which is constant in the logarithmic region, is also plotted in figure 8(a,b) . For the wall-parallel components, a plateau appears in the same region 100 < y + < 0. 
Hierarchies of the attached structures
This section further explores the hierarchical nature of the attached structures, especially for the streamwise velocity fluctuations that exhibit the inverse-power-law distribution 
Uniform momentum zones in the attached structures
As conjectured by Perry & Chong (1982) , the attached eddies are in the form of hierarchies.
Each hierarchy is composed of the eddies whose height grows from their initial roll-up height (O(ν/uτ)) to the height of the hierarchy (l). Here, the height of the hierarchy corresponds to the height of the highest eddy within the hierarchy. In other words, there are several eddies whose heights are less than l at a given hierarchy height l and consequently the number of eddies or hierarchies increases with increasing l. In addition, if we assume that the height of the highest hierarchy is the boundary layer thickness δ, the friction As pointed out in figure 7 , the profiles of One might think that this physical interpretation contradicts the inverse-power-law PDF, which is inversely proportional to the height of the hierarchy. Since the jitter and randomness of the discrete system or the continuous distribution of hierarchies lead to the inverse-power-law PDF as discussed in Perry & Chong (1982) , it is not surprising that the present attached structures follow 1/ly; this concept is also related to the percolation behavior of turbulent structures ( §2).
Conclusions
We have demonstrated for the first time that the wall-attached structure of u are energy-containing motions satisfying the attached-eddy hypothesis (Townsend 1976) , not only because they are self-similar to ly, but also because there are two strong pieces of evidence: (i) the inverse-power-law PDF, and (ii) the logarithmic variation of the streamwise turbulent intensity ( To address the influence of the threshold value α, we plot the population density, size distributions, and reconstructed turbulent intensity over a range of threshold from 1.4 to 1.7
where the percolation transition occurs (figure 2a). Here, we only include the result of the u clusters to avoid any repetition. Figure 11 shows the threshold effect on the population density of clusters according to ymin and ymax. Regardless of α, two distinct regions are observed; the wall-attached and detached groups. As discussed in §2, there is a weak peak at ymin + ≈ 7 and ymax + ≈ 50. The structures in the vicinity of this peak can be the fragments of the large attached structures or an object that is developing into the larger one. Figure   12 is shifted upwards with increasing α, the logarithmic variation is observed with a similar slope at each α. In the inset, it is evident that the indicator function (Ξ1) has a constant value over the region 100 < y + < 0.18δ + (shaded region). 
